SUMMARY We studied the effect of nitroprusside on the hydraulic vascular load of the right and left ventricle in seven patients with severe left ventricular failure. At doses of 0.25-0.75 ,ug/kg/min, stroke volume increased progressively from 40.1 to 48.6 ml and left ventricular end-diastolic pressure decreased from 24.5 to 11.2 mm Hg. Accompanying this improvement in left ventricular performance were doserelated decreases in mean ventricular pressures, pulmonic and systemic resistances and the lower-frequency components of input impedance moduli. Characteristic impedance and both total and oscillatory external power were decreased in the pulmonic, but not the aortic, vasculature. We sought to determine the mechanism and magnitude of right ventricular unloading and the dose-response relationship of right relative to left ventricular hydraulic unloading with nitroprusside in patients with severe left ventricular failure. A primary concern was whether this agent, in doses just sufficient to produce a measurable alteration in systemic resistance and left ventricular performance, had a primary effect on right ventricular load through a direct effect on pulmonary vascular resistance and impedance.
VASODILATORS have become a mainstay in the treatment of acute and chronic left ventricular failure. [1] [2] [3] [4] [5] [6] [7] [8] [9] In many patients, they improve forward output while decreasing left ventricular filling pressures. The improvement in ventricular function has been attributed primarily to lowering of the arterial load or impedance faced by the ejecting left ventricle.' 2 However, recent data suggest that the beneficial actions of vasodilators cannot be explained simply by an alteration in the arterial load to left ventricular ejection. In patients with heart failure treated with nitroprusside, improved left ventricular output and filling pressures persisted and aortic pressure, resistance and impedance were returned to baseline values when phenylephrine was added to nitroprusside.'0 In a dog model of heart failure, increased cardiac output produced by nitroprusside was attributed to a shift of blood volume from central (pulmonary) to systemic vascular beds that accompanied an increase in systemic capacitance. " Several studies have demonstrated that vasodilators produce a downward, parallel shift of the left ventricular diastolic pressure-volume curve. [12] [13] [14] [15] [16] [17] This shift in the left ventricular pressure-volume curve is not clearly attributable to the systemic vascular effects of vasodilators, since in isolated heart preparations, no such effect of changing impedance has been noted. Several studies suggest that events in the right heart have an important influence on the altered left ventricular pressure-volume relationship, especially with an intact pericardium. '8-27 In man, Ludbrook et al. ' 2 demonstrated a shift in the left ventricular pressure-volume curve with nitroglycerin but not with amyl nitrite. Both nitroglycerin and amyl nitrite had similar effects on aortic pressure, but only nitroglycerin decreased right ventricular pressure, suggesting that nitroglycerin may alter external restraints on the left ventricle, such as pericardial pressure or septal position, thereby producing a shift in the left ventricular pressure-volume relationship.
This additional mechanism of action of vasodilators on left ventricular performance may result from right ventricular unloading produced by decreases in right ventricular hydraulic load. Many studies, in fact, have shown that pulmonary resistance falls when left ventricular output is increased.4-8 28 Without more detailed measurements, however, it is unclear whether this is a primary effect on the pulmonary vasculature or is secondary to decreased left ventricular filling pressures.
We sought to determine the mechanism and magnitude of right ventricular unloading and the dose-response relationship of right relative to left ventricular hydraulic unloading with nitroprusside in patients with severe left ventricular failure. A primary concern was whether this agent, in doses just sufficient to produce a measurable alteration in systemic resistance and left ventricular performance, had a primary effect on right ventricular load through a direct effect on pulmonary vascular resistance and impedance.
Methods

Patients
We studied patients with severe, chronic left ventricular failure from various causes. Clinically overt left ventricular congestive heart failure was manifested by pulmonary vascular congestion on chest x-ray, ventricular gallop sounds and recent history of both dyspnea and shortness of breath at rest. Patients who were scheduled to undergo diagnostic cardiac catheterization were asked to participate in the study. Any patient with suspected valvular or congenital heart disease was excluded. From this population, 20 patients were entered into the study after they gave informed consent. Seven of these 20 patients had technically suitable data and constitute the study population (table 1) .
Catheterization
All studies were performed in a fasting, postabsorptive state after premedication with benadryl, 50 mg orally, valium, 10 mg orally, and atropine, 0.5 mg subcutaneously. Routine right-heart catheterization was performed from either an antecubital vein cutdown or a femoral vein percutaneous approach. Leftheart catheterization was performed using the Seldinger technique from the femoral artery. After routine coronary angiography and left ventriculography, the standard catheters were replaced by specially designed high-fidelity transducer catheters (Millar Instruments). The right-heart catheter was a #8F catheter with a #6F leader that was advanced into either the right or left pulmonary artery. The leader helped to stabilize the catheter. Pressure and flow velocity sensors were located 10 cm proximal to the tip to allow measurement of main pulmonary artery pressure and flow velocity. A second pressure transducer was located 5 cm more proximally to allow simultaneous measurement of right ventricular pressure. The #7F arterial catheter had a pressure transducer located 1 cm from the tip. Before inserting each catheter, the sensors were prewarmed for at least 3 hours in dextrose or saline at 37°C. After they were withdrawn from the patient, the drift of the pressure transducers was checked by reimmersion in the bath. In only one case was there more than 2-3 mm Hg of drift in the baseline zero pressure reading. The pressure reading at the end of the completion of the study with the pressure sensor barely submerged in the fluid at atmospheric pressure was used as the zero pressure reference signal for the study. The flow velocity signals together with the four pressure signals and surface ECG were recorded on a HewlettPackard 3968A eight-channel'analog tape recorder for subsequent analysis. The signals were also monitored during the study with both a six-channel recorder (Honeywell Meddars 200) and a four-channel Tektronix 5441 storage oscilloscope.
An estimation of ascending aortic cross-sectional area during each steady-state condition was obtained by measuring the ascending aortic diameter with an Mmode echocardiogram (Irex Instruments). In patients with suitable-quality echocardiograms, left ventricular end-diastolic diameter was measured from the posterior wall endocardial surface to the left side of the septum in the region where the tip of the anterior mitral valve leaflet was visible.
Protocol
Each catheter was manipulated to obtain an optimal flow velocity signal characterized by a steady diastolic level with maximal systolic amplitude and minimal late systolic negative flow. Pressures, flows and echocardiograms were recorded with the patient resting quietly and breathing shallowly or at held midexpiration. This initial period, which followed the last injection of contrast material by at least 20 minutes, constituted the baseline condition. Stepwise infusions of sodium nitroprusside at doses of 0.25, 0.50 and 0.75 ,tg/kg/min were then begun with an infusion pump.
After 3-5 minutes at each infusion level, when pulmonary artery and left ventricular pressures had reached a steady state, the recordings were repeated. If a patient's systolic arterial pressure decreased by 15% or more of its preinfusion level, the next higher dose was not given. After attaining the maximum dose, the infusion was stopped and recordings were repeated 5 From the calibrated flow velocity, the aortic volume flow at desired times in the study was calculated by multiplying by the echocardiographically measured aortic cross-sectional area. The main pulmonary artery diameter could not be reliably measured, so the mean pulmonary artery volume flow was assumed to be equal to the mean aortic volume flow. This assumption, together with the directly measured mean velocity, enabled calculation of the main pulmonary artery diameter, which was needed to calculate the kinetic components of external power. As previously described,3' the mean kinetic power term is of the form [1/2 p QO3/area2], where p = fluid density, QO -mean volume flow and area = the cross-sectional area of the vessel, which is the derived term in the pulmonary vasculature.
The noise level of the flow signal was determined for each patient by performing Fourier analysis of the diastolic portion of the flow signal.32 Only flow harmonics whose moduli were greater than twice the maximum noise level were included in the subsequent calculations. For acceptable beats, the pressure and flow signals were resolved into their Fourier harmonics. The input impedance modulus and phase angle for each harmonic were calculated as the ratio of the pressure to flow moduli and the difference of the pressure and flow phase angles, respectively. The characteristic impedance was estimated by averaging the impedance moduli in the frequency range of 4-15 Hz. Total external power, consisting of both the pressure and kinetic terms for both ventricles, was calculated as previously reported.3' The oscillatory power and steady power terms and the ratio of oscillatory to total power, indicating the efficiency with which the pulsatile energy was converted into forward flow, were also calculated.33 A portion of the reflection characteristics of each vascular bed was assessed by calculating the difference between the maximum and minimum impedance moduli for frequencies between 4 and 15 Hz (AZ) and by estimating first zero crossing of the phase angle, which was obtained by linear interpolation.34
All signals were differentiated with a five-point differentiation algorithm. The ventricular end-diastolic pressures were measured at the point of minimum dP/ dt immediately after the P wave of the ECG. The resistance of each vasculature was calculated by subtracting the appropriate estimated mean atrial pressure from the mean arterial pressure and dividing by mean flow. Mean atrial pressures were estimated as follows: Atrioventricular valve opening was assumed to occur when the ventricular pressure fell to its end-diastolic value. The time average of ventricular pressure from this point until end-diastole was the estimated atrial pressure. Mean ventricular pressure has been proposed as one index of ventricular load. 35 36 When the average is taken over the entire cardiac cycle, this measurement also is an indirect index of oxygen demand of the ventricle. For these reasons, we also calculated mean ventricular pressures for both ventricles.
Five to eight nonconsecutive beats during each of the baseline and nitroprusside infusion periods were analyzed as described above. The data for these beats were averaged and are those presented subsequently. Statistical analysis to ascertain effects across the dose range was performed on each variable by using analysis of variance with repeated measures and orthogonal contrasts37 during the baseline and each drug level. To compare the relative effects of the drug on the pulmonary artery and aorta, where the absolute values of some of the parameters may differ greatly, two-way analysis of variance using repeated measures was performed. 37 When interactions between dose effects or location (pulmonary artery versus aorta) were present, the interacting effects were analyzed separately to delineate the influence of the individual underlying effects. An effect was considered to be significant at the p -0.05 level. Data are presented as mean ± SEM.
Results
Pertinent clinical information for each of the subjects is summarized in table 1. Five of the patients had ischemic cardiomyopathy and two had idiopathic cardiomyopathy. Two of these patients also had concurrent hypertension. Six patients were receiving digoxin at the time of catheterization and only one patient had received vasoactive medications within 12 hours of catheterization; patient 5 was receiving Nitrol paste, 3 inches every 6 hours, at the time of catheterization.
Representative tracings from patient 6 showing the pressures and flows during baseline and during the three steady-state levels of nitroprusside infusion are illustrated in figure 1 . Even with the first dose, the aortic and pulmonic flow velocities increased and left and right ventricular diastolic pressures and pulmonary artery pressure decreased. These changes were progressive over the next two doses. Aortic pressure changed only slightly. The aortic and pulmonary arterial input impedance spectra (except for the zero frequency term) for each patient for baseline and the 0.25-and 0.75-p,g/kg/min doses are illustrated in figure 2. In both vasculatures, the effect of the drug was more pronounced for the lower (< 5-Hz) frequency terms. This decrease in the low-frequency moduli of the input impedance spectra is one manifestation of the decreased central effects of peripheral reflections produced by the vasodilation. Although not every patient demonstrated a decrease in the pulmonic characteristic impedance, statistical analyses across all of the doses demonstrated that these decreases in characteristic impedance in the pulmonary vasculature were significant. There were no significant changes in the characteristic impedance in the systemic vasculature. There was no clearly discernible effect of the drug on the impedance phase angles.
Right and Left Ventricular Hemodynamics
The averaged values of the ventricular hemodynamic parameters during baseline and the three doses of nitroprusside are summarized in table 2. Compared with baseline levels, the highest dose of the drug produced a mean flow increase of 28%; a left ventricular stroke volume increase of 21%; a left ventricular enddiastolic pressure decrease of 54%; a mean ventricular pressure decrease of 21 %; and no changes in heart rate, peak dP/dt or peak negative dP/dt. Right ventricular end-diastolic pressure decreased by 76% and mean ventricular pressure by 47%. In measurements that were altered, large changes occurred even with the initial dose of the drug. Thus, left ventricular performance improved significantly, both in terms of an increase in forward output and a decrease in filling pressures. These functional improvements occurred without a significant change in echocardiographically measured left ventricular diastolic dimensions.
Aortic and Pulmonary Arterial Hemodynamics
The mean values of the impedance and power parameters during baseline and the three doses of nitroprusside are summarized in table 3. Compared with baseline levels, the highest dose of the drug produced a systemic resistance decrease of 26%; systolic and mean pressure decreases of borderline significance; an external power increase of 22%; and no changes in diastolic pressure, characteristic impedance, reflectance indexes, percent oscillatory power or flow acceleration. In contrast to the aorta, most of these measurements were altered in the pulmonary artery. Pulmonary resistance decreased by 36%; characteristic impedance decreased by 36%; systolic, mean and diastolic pressures all significantly decreased; peak flow acceleration increased and oscillatory power decreased; and total external power and the reflectance index AZ decreased, but the changes were of borderline significance. The first zero crossing of phase angle and the percentage of oscillatory power did not change.
Thus, over this dose range, left ventricular performance improves concomitant with a reduction in both systemic and pulmonic hydraulic load. The decrease in left ventricular load was manifested by a fall in resistance and mean ventricular pressure, whereas significant unloading of the right ventricle was manifested by decreases not only in mean ventricular pressure and resistance, but also by decreases in pulmonary artery pressure and characteristic impedance.
Discussion
Critique of Methods Some potential limitations of the present study require comment. Studies in the aorta have demonstrated that the flow profile is almost flat across the diameter,29 30 but comparable studies in the pulmonary artery have not been as well documented38 so that potential errors could result if pulmonary volume flow were calculated directly. To circumvent this possibility and because we could not reliably and repeatedly measure the pulmonary artery diameter by echocardiography, we assumed that the pulmonary volume flow rate was equal to that in the aorta during steady-state conditions. Since oxygen saturations and indocyanine green dye-dilution curves indicated no evidence of intracar- All orthogonal contrasts are linear except for the quadratic one denoted by (Q).
Abbreviations: ZO = characteristic impedance; AZ maximum minus minimum impedance modulus > 5 Hz; XO = first zero crossing of impedance phase angle; W, = total external power; WO oscillatory external power.
in the pulmonary system, deserves further consideration. Because the pulmonary vessels are surrounded by alveolar pressure and can demonstrate a waterfall phenomenon when the alveolar pressure exceeds the pulmonary venous or left atrial pressure,4' 42 calculating the pulmonary vascular resistance by dividing the pulmonary arterial minus left atrial pressure gradient by the flow may not represent the true resistance. The downstream pressure that should be used to calculate the resistance depends on the absolute levels of the pulmonary venous and alveolar pressures. 41 4 Under baseline conditions, it is unlikely that the alveolar pressure exceeded the high left atrial or pulmonary venous pressure, so our estimations of resistance based upon left atrial pressure as the downstream pressure are probably accurate. With vasodilatation, however, there is the possibility that the left atrial pressure fell below the alveolar pressure so that the resistance calculated by using the left atrial pressure may be too high. For instance, if the alveolar pressure at the highest dose of nitroprusside in patient 6 were 10 mm Hg, the true resistance would be 222 rather than 274 dyn-seccm-5, as we calculated based on a left atrial pressure of 7.2 mm Hg. Thus, during drug administration, our calculated resistances based on left atrial pressures are likely to be underestimations of the true resistance 45 We believed that nitroprusside should produce the same directional changes in impedance regardless of whether flow velocity or volume is used, because it reduces pressures in the vascular bed that would lead to passive decreases in cross-sectional area which, in turn, independent of volume changes would 'tend to increase the flow velocity. We found an actual increase in volume flow; therefore, it is likely that the estimates of impedance are underestimated if volume flow rather than flow velocity is used. We verified these above considerations by comparing the impedance changes produced by nitroprusside when they were calculated by using both volume flow and velocity on the same beats in two patients. In this study, we were primarily interested in assessing the effect of nitroprusside on the great vessels as well as on the load faced by the ventricles (a portion of which is indexed by the external power); therefore, we used volume flow in our calculations.
Implications of the Study
This study confirms that low doses of nitroprusside acutely improve left ventricular performance in terms of an increase in forward output together with a decrease in filling pressure from an unchanged end-diastolic size. At these doses, the present study shows that improved performance occurs concomitantly with the expected reduction in systemic arterial resistance and mean left ventricular pressure, but with no change in the high-frequency pulsatile components of hydraulic load. In contrast, in the pulmonary artery there is a pronounced direct effect of the drug to unload the right ventricle in terms of decreases in all of the nonpulsatile and pulsatile hydraulic load components.
Our results are in agreement with previous findings'-9 that left ventricular output is improved when arterial resistance is decreased. Our findings of a decrease in the lower-frequency components of impedance with nitroprusside are also similar to those in a recent study in a similar patient population. 10 However, unlike that study, in which characteristic impedance decreased from 125 to 108 to 92 dyn-sec-cm-5 at doses of 9-19 and 20-38 gg/kg, we found no alteration in the aortic characteristic impedance. This apparent discrepancy may be a function of the slightly different methods used to estimate it. Ideally, the characteristic impedance should be estimated by averaging the highest frequency components of the spectrum. However, these harmonics are also the most susceptible to contamination by noise, particularly in the flow signal. Our method of estimating characteristic impedance was chosen to minimize artifacts due to noise, but consequently restricted us to the lower-frequency range of the spectrum and limited the number of terms that could be included in the average. Likewise, the choice of which frequency to use as the lower limit is arbitrary, but whichever one is chosen should be beyond the rapidly falling phase of the impedance modulus. Based on the individual spectra shown in figure 2 and taking the above considerations into account, we felt that 4 Hz was a reasonable compromise.
Previous studies demonstrate that passive alterations in the pulmonary vasculature secondary to alterations in left atrial pressure result in changes opposite in direction to those we found. 47 48 Thus, our data suggest that the hemodynamic alterations in the pulmonary vasculature are the result of direct, active changes in physical properties produced by nitroprusside rather than merely being passive responses to a decrease in the chronically elevated left ventricular filling pressure. When epinephrine or norepinephrine was infused to increase pulmonary blood volume, pulmonary pressures and left atrial pressure in dogs, the resistance across the pulmonary bed was found to decrease, presumably because of recruitment of previously unperfused beds and passive distention.47 However, when left atrial pressure and pulmonary blood volume were decreased and pulmonary artery and venous pressures were actively increased by histamine, the pulmonary artery resistance increased. More Therefore, we believe it unlikely that the hemodynamic responses we found in the pulmonary bed were passive and secondary to changes in left atrial pressure.
The response of the chronically altered pulmonary vasculature to nitroprusside in the doses used in this study, as manifested by decreases in both the pulsatile and nonpulsatile components of hydraulic load faced by the right ventricle, is similar to that seen in other studies in which vasodilators were administered in the face of increased pulmonary vascular tone. 48 50 The baseline value of characteristic impedance of 49 dynsec-cm-5 that we found was similar to the value of 46 dyn-sec-cm-5 found in a population with pulmonary hypertension secondary to mitral stenosis (normal value was 23 dyn-sec-cm-5).51 The elevated total external and oscillatory power also decreased, reflecting the relatively greater decrease in pressure compared to the smaller increase in flow. This effect is in contrast to the increase in external power response in the systemic vasculature where the flow increase is relatively greater than the decrease in pressure.
It is difficult to attribute the parallel downward shift of the left ventricular diastolic pressure-volume curve observed in previous studies'2-' and inferred in this study to the systemic effect of vasodilators. Our data also do not allow us to ascertain unequivocally how vasodilators achieve this beneficial effect on left ventricular performance. However, since we demonstrated right ventricular unloading by nitroprusside and many prior studies have shown diastolic interaction between the ventricles,' ventricular interaction may be one mechanism by which vasodilators achieve their beneficial effects. The left ventricular diastolic pressure-volume curve could be shifted by right ventricular unloading, resulting in both improvement in diastolic and systolic function even though the right ventricle is unlikely to directly influence left ventricular systolic function. One could argue that the small changes in right ventricular filling pressures that we found were insufficient to significantly alter left ventricular filling pressures. However, the study in which ventricular interdependence was proposed as the cause of the shift of the left ventricular pressure-volume curve with nitroglycerin in man'2 found an amplification effect in that a 5-mm Hg fall in right ventricular end-diastolic pressure was associated with a 10-mm Hg fall in left ventricular end-diastolic pressure in a normal population. ' 2 In a population with heart failure and presumably distended intrapericardial chambers, the amplification effect might be more pronounced than in a normal population.1'8 25. 26 Additionally, small changes in right ventricular pressures could alter other external restraints on the left ventricle acting via stresses at the septal-ventricular junction or acting through changes in regional intrapericardial pressures. These have all been postulated as mechanisms of the parallel shift of the left ventricular pressure-volume curve. '8 19. 25 Mechanisms other than ventricular interdependence could account for the drug-induced improvement in left ventricular performance. The decrease in filling pressures could have lowered the diastolic wall stresses and, hence, diminished ongoing ischemia in those hearts in which ischemia played a role in the dysfunction. Additionally, coronary artery flow could have been increased either by direct action of the drugs or by an increase in the coronary perfusion pressure subsequent to the fall in ventricular filling pressures in the face of an unchanged aortic pressure. Whether subclinical ischemia plays any role in the ventricular function and whether there are alterations in either the demand or oxygen supply to these hearts remain to be determined. Alterations in ventricular relaxation produced by the drug could, theoretically, cause a shift of the pressure-volume curve." A previous study,'7 however, showed no effect of nitroprusside on left ventricular relaxation, although no patients in heart failure were included.
Thus, although vasodilators improve left ventricular performance by decreasing the hydraulic load on the left ventricle, the quantitative contribution of this mechanism is unclear. Left ventricular performance may be altered independently or additively by unloading the right ventricle. Until maneuvers are found that uncouple the hemodynamic effects of the two vascular systems and ventricles in the intact organism, the independent influence of these two mechanisms will remain unclear.
